There were many techniques of joining two or three materials. A new metallic liquid jointing technique which enables the joint of Zr 55 Cu 30 Ni 5 Al 10 bulk glassy alloy without any crystallization is very useful to produce a large bulk metallic glass. Molten alloy streams with high velocity are generated by ejection of alloy liquid through two nozzles at different sites. The jointed region has nearly the same structure, thermal stability and mechanical properties as those for the original glassy Zr 55 Cu 30 Ni 5 Al 10 alloy. The successful joint method can produce the large glassy Zr 55 Cu 30 Ni 5 Al 10 rod of 600 mm in length and 3 mm in diameter.
Introduction
Since the first success of preparing a glassy phase in metalmetal systems without metalloid by casting techniques in 1988, 1) a number of scientific and engineering data for bulk glassy alloys have been accumulated up to date. As a result, it has been clarified that bulk glassy alloys have the features of new multi-component alloy composition and new local atomic configuration which are different from those for amorphous alloy developed previously. These features have enabled the appearance of various kinds of characteristics such as high glass-forming ability, good mechanical properties, useful physical properties, unique chemical properties and viscous state 2, 3) which have not been obtained for conventional crystalline and amorphous alloys. Recently the critical size of many bulk glassy alloys increases to over 10 mm. Bulk glassy alloys with low critical cooling rates have been produced by various casting techniques such as die casting, [4] [5] [6] [7] copper mold casting, 8, 9) grooved roller casting, 10) and water quenching. 11, 12) However, it is difficult for these techniques to produce bulk glassy alloys in a cylindrical rod form with long length and in a sheet form with large surface areas because of the difficulty of metallic liquid flow over a long distance within a very short solidification time so as to satisfy the critical cooling rate. Consequently, the development of a new production technique of forming a bulk glassy alloy with much larger or longer shape and dimension has been an important research subject. This paper aims to develop a new metallic liquid joining technique in which two kinds of molten metal streams are ejected simultaneously through two nozzles into a copper mold cavity and to examine structure, thermal stability, mechanical properties and fracture behavior of the resulting jointed Zr 55 Cu 30 Al 10 Ni 5 /Zr 55 Cu 30 Al 10 Ni 5 bulk glassy alloy rod. The conventional metal mold casting can be making 3 mm in diameter and 150 mm in length but the conventional metal mold casting cannot produce the long rod more than 300 mm. The development of metal liquid joining method can produce long rod over 300 mm in length or a vast plate over A4 sheet. Joining method of melt-flows due to casting with two nozzles (it is called as ''joining'' in the present paper).
Experimental Procedure
An alloy ingot with composition of Zr 55 Cu 30 Al 10 Ni 5
13)
which is well-known as high glass-forming alloy was prepared by arc melting the mixtures of pure metals in a purified dry argon gas atmosphere of 0.05 MPa. The weight changes of the ingot were not confirmed before and after the arc melting. In the vacuum chamber of the casting machine, the two nozzles were filled with crashed Zr 55 Cu 30 Al 10 Ni 5 mother alloy. In the process, both alloys were melted by individually controlled high frequency coil furnace. The alloy liquids were ejected simultaneously through two individual nozzles into a cylindrical cavity of copper mold. The liquid temperature just before ejection was 1273 K for each alloy in the two nozzles and the ejection pressure of their alloy liquids was 0.1 MPa for the Zr 55 Cu 30 Al 10 Ni 5 alloy. The structure of glassy state in the jointed alloy rod was examined by X-ray diffraction, optical microscopy (OM), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Thermal stability was examined by differential scanning calorimetry (DSC) at a heating rate of 0.67 K/s. Mechanical properties of the jointed region under a uniaxial compressive applied load were measured at room temperature by using an instron testing machine. The gauge dimension of the specimen was 3 mm in diameter and 6 mm in height. The strain rate was fixed to be 3 Â 10 À4 s À1 . Figure 1 shows the outer shape of the jointed Zr 55 Cu 30 Al 10 Ni 5 alloy rod with a diameter of 3 mm and a length of 150 mm produced by the metallic liquid joining and a length of 150 mm prepared by the liquid joining method. * Graduate Student, Tohoku University method. Any interface trace which divides physically between the ejected molten metallic liquids from two nozzles was not observed on the outer surface of the jointed rod. The arrows in Fig. 1 represent the flow directions of the alloy liquid streams before their collision. In general, the joining area of the rod must be in sample center. Figure 2(a) shows the longitudinal cross sectional micrograph of the half image taken from center region of Fig. 1 . The micrograph was taken after etching with the diluted 0.5% Hydrogen Fluoride (HF) solution. No traces of interface, crystalline phase and concave are observed over the cross section, indicating that the two liquid streams have been jointed without distinct joining trace. The straight rod type samples cannot find any joining traces. For finding the joining traces, new type copper mould which has tow sprues and the two cavities cross in the mold like ''X'' letter was prepared. Figure 2(b) shows the micrograph taken from cross type sample after etching with the diluted 0.5% Hydrogen Fluoride solution (HF). Cross type sample should have made the joining part in the cross part. Despite of the cross type sample, micrograph shows no joining traces in the crossed region. Figure 3 shows DSC curves of the jointed Zr 55 Cu 30 Al 10 Ni 5 alloy disks taken from different site of the alloy rod prepared by the liquid joining method. It is seen that all samples crystallize through a single stage accompanied by an exothermic peak. The bulk samples exhibits a distinct glass transition, followed by the appearance of a large super-cooled liquid region and then a high exothermic peak due to crystallization. No appreciable difference in the feature of the DSC curves is seen in each region of the jointed glassy alloy rod.
Results and Discussion
Thermal parameters like glass transition temperature (T g ), temperature interval of super-cooled liquid region ÁT x (¼ T x À T g ) and onset temperature of crystallization (T x ) are measured as 685, 92 and 777 K, respectively. This shows that the solidification time is short enough to obtain a fully glassy phase. It is thus concluded that the selection of the cooling rate which is as slow as possible in the range above the critical cooling rate for glass formation is important for the achievement of good joining state. Figure 4 shows the X-ray diffraction patterns taken from different regions in the full range of the transverse and longitudinal cross sections of the liquid-jointed Zr 55 Cu 30 Al 10 Ni 5 alloy rod with a diameter of 3 mm and a length of 150 mm. All the X-ray diffraction patterns consist only of a broad peak at about 38 and no distinct crystalline peak is seen, indicating that the crystallization does not occur in the present joining condition for alloy liquids. Figure 5 shows typical compressive stress-strain curves under the constant cross-head speed condition, i.e., (initial strain rate = 1 Â 10 À4 s À4 ) at room temperature for the jointed Zr-based glassy alloy rods of 3 mm in diameter and 6 mm in length. The feature of the stress-strain curves for the samples is nearly the same as that for the corresponding Zrbased glassy alloy rod produced by metal mould casting. The Young's modulus, fracture strength and elastic strain were 83 GPa, about 1600 to 1700 MPa and 1.8%, respectively. Figure 6 (a) shows SEM images revealing the fracture surface appearance of the rod sample taken from the jointed Zr 55 Cu 30 Al 10 Ni 5 alloy. The bulk glassy alloy rod exhibits the shear-type fracture mode, though slight ruggedness is recognized on the fracture surface. That is, the fracture occurs along the maximum shear stress plane which is declined by about 45 degrees to the direction of applied load. As shown in Fig. 6(b) , the fracture surface consists of a welldeveloped vein pattern which is the same as the typical characteristic for ductile glassy alloys. The distinct fracture surface like interface or different fracture surface in general Zr 55 Cu 30 Al 10 Ni 5 metallic glassy alloy compression test was not observed in every sample. Figure 7 shows the representative bright-field transmission electron micrograph (a) and selected-area electron diffraction pattern (b) of the jointed rod. No contrast corresponding to crystalline phase and interface of the jointed liquids is observed. Thus, one cannot detect any changes in the structure, thermal stability, mechanical strength and fracture behavior in the jointed alloy rod. The improvements of the liquid joining method to a larger scale and a much complicated shape seem to enable the production of bulk glassy alloys with various outer shapes and large dimensions.
Conclusions
The Zr 55 Cu 30 Al 10 Ni 5 glassy alloy rods were found to be successfully joined by a metallic liquid joining technique. The alloy liquid streams with high velocity produced by ejection through two different nozzles collided inside the cylindrical cavity of the copper mold. The produced sample did not show any distinct difference in the glassy structure, thermal stability and mechanical properties in the jointed rod. The jointed sample did not include crystalline phase and void due to the joining treatment. The direct joining method of alloy liquids is promising for future development as a new type of joining technique for bulk glassy alloys. 
